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(Plasmonic devices have advanced significantly in the past decade. Being one of the most
intriguing devices, plamonic nanolasers plays an important role in biomedicine, chemical
sensor, information technology, and optical integrated circuits. However, nanoscale plasmonic
devices, particularly in ultraviolet regime, are extremely sensitive to metal and interface
quality, which renders the development of ultraviolet plasmonics. Here, by addressing the
material issues, we demonstrate a low threshold, high characteristic temperature metal-oxide-
semiconductor ZnO nanolaser working at room temperature. The template for ZnO nanowires
consists of a flat single-crystalline aluminum film grown by molecular beam epitaxy and an
ultra-smooth Al2O3 spacer layer prepared by atomic layer deposition. By effectively reducing
2surface plasmon scattering loss and metal intrinsic absorption loss, the high-quality metal film
and sharp interfaces between layers boost the device performance. Our work paves the way
for future applications using ultraviolet plasmonic nanolasers and related devices.)
3Plasmonic devices have caught much attention in the past decade due to its nanoscale size
and high-speed operation. In recent years, various plasmonic devices have been proposed and
demonstrated for many applications, such as gas detector [1], chemical sensor [2], photovoltaic
devices [3, 4], biomedical sensor [5, 6], superlens [7, 8], optical trapping [9], optical tweezers [10],
information technology [11, 12], optical integrated circuits [12-14] and nanoscale coherent emitter
[15, 16, 17-20]. In these plasmonic devices, metal plays an important role for enhancing their
performances. Gold, silver, and aluminum are frequently used metals to generate plasmons in
visible and infrared spectral regime [3, 6, 8, 15, 18, 21-24]. In terms of device fabrication, gold is the
best metal as it is stable in air. However, its interband transition around 2.3 eV makes it lossy
and unsuitable for the applications aiming for wavelengths shorter than 540 nm [22, 25]. Silver
has been applied for plasmonic devices in visible to ultraviolet regime. Due to its strong
interband absorption for wavelengths less than ~350 nm, the intrinsic ohmic damping loss of
silver is significant in ultraviolet regime. In comparison to gold and silver, simple-metal
aluminum is not only a cost-effective and abundant metal material and widely used in modern
semiconductor fabrication processes, but also has superior plasmonic properties than noble
metals in the ultraviolet spectral regime. Furthermore, aluminum film is pretty stable in air
and compatible with current CMOS technology, which is advantageous for integrating
plasmonic devices with silicon-based electronic and photonic circuits [13, 26]. Therefore, it is
widely accepted that aluminum is the most promising metal for ultraviolet plasmonics [17, 27].
On the other hand, it was demonstrated that ultra-smooth single-crystalline metal films are not
only crucial for fabricating high-definition plasmonic nanostructures [22, 28], but also beneficial
to the performance of fabricated optical antenna and plasmonic nanolasers [15, 18, 22].
Nevertheless, it has been a daunting challenge to grow larger-area, flat, and single-
crystalline aluminum films as the growth is very sensitive to the surface condition and
morphology. Molecular beam epitaxy (MBE) is one of the most promising methods to grow
4the wanted aluminum film because its ultra-high vacuum provides a very clean environment
and the substrate native oxide can be desorbed in the chamber just before aluminum growth.
Previously, several growth methods using MBE were carried out, such as on As-stabilized
AlAs surface [29], thermal-anneal-induced [30] and grown on silicon (111) substrate [31].
However, the grown single-crystalline aluminum films, even up to 200-nm-thick, were pretty
rough. The rough surface is an obstacle to development nanoscale plasmonic devices as it
would increase surface plasmon scattering rate and reduce the propagation length. Herein, by
using a minimum migration method [32], we have successfully grown a very flat single-
crystalline aluminum films with root-mean-square roughness of 0.44 nm on GaAs substrate
by MBE. The large-area growth conducted by Gallium-rich surface condition, flat GaAs
surface morphology, and high growth rate is highly reproducible, which is an important step
toward fabricating ultraviolet plasmonic devices.
We choose ultraviolet plasmonic nanolasers to demonstrate the crucial role of metal
quality because they could provide a unique setting for the manipulation of light via the
confinement of the electromagnetic field to a size well below the diffraction limit and they are
an ideal nano-platform for investigating the light interacting with nano-materials [33, 34].
Furthermore, how to reduce plasmonic losses is a key issue for plasmonic nanolasers [17, 18, 22,
23], particularly in ultraviolet regime. The lasing wavelength is in nanoscale so the plasmonic
losses are very sensitive to metal crystallization [18], lateral correlation length of grain
boundaries [24] and surface morphologies [17]. Here, we first present that the MBE-grown
aluminum film boost the nanolaser performance by minimizing metal intrinsic damping loss
and scattering loss. Basically, the plasmonic lasing mechanism could be explained by surface
plasmons amplification by stimulated emission radiation (SPASER) principle [35], analogous
to the conventional photon lasers. The excitons in the gain medium are excited and
nonradiatively transferred their energy to resonant surface plasmons SPs providing
amplification channels. Due to the ultrasmall modal volume (Vm), typically small Vm ~ λ3/10 − 
5λ3/1000, of plasmonic cavity [15, 16, 17-19, 33, 36] is beneficial to obtain a high Purcell factor (Fp)
to efficiently boost the energy transfer so the population inversion of excitons could be easily
realized, which are highly advantageous for lowering its lasing threshold.
In this work, we use the metal-oxide-semiconductor (MOS) structure [15, 17-19] to
demonstrate ultraviolet nanolasers on single-crystalline aluminum film. The key points to
realize ultraviolet MOS nanolasers are listed in the following. First, a high-quality, single-
crystalline metal film is crucial. It could efficiently reduce the metallic loss and provide high
conductivity to enhance optical confinement and to prolong the SPs propagating length.
Second, a flat surface morphology could drastically lower the SPs scattering loss. Finally, a
close contact at planar metal/oxide and oxide/semiconductor interfaces greatly lessens the
scattering loss, and more importantly, efficiently promotes the exciton-SP energy transfer thus
furnishes adequate gain to compensate the loss and to achieve lasing [15, 17]. As we shall
present, ultra-low threshold with high temperature stability room-temperature ultraviolet
nanolasers have been obtained. Our plasmonic nanolaser is consisted with a zinc oxide (ZnO)
nanowire lying on an aluminum film with an Al2O3 spacer layer to form the MOS structure.
The extremely flat single-crystalline aluminum film, denoted as SC-Al hereafter, on a
carefully treated GaAs surface was grown by molecular beam epitaxy system. For comparison,
we also prepared a poly-crystalline Al film, denoted as PC-Al, deposited by e-gun evaporation
(See supporting information for details). Furthermore, ultra-smooth Al2O3 spacer layer
deposited on SC-Al and PC-Al films by atomic layer deposition (ALD) provides the crucial
interface for achieving a flat and close contact between metal and semiconductor. The ZnO
nanowires serve as the gain medium in ultraviolet regime as the large exciton binding energy
and oscillator strength of ZnO are beneficial to the coupling between the excitons and SPs and
to room-temperature operation [37]. Besides, the hexagonal cross-section of ZnO nanowires
could provide a wanted close contact. Our experimental results reveal the importance of ultra-
smooth, high-quality, and single-crystalline Al films and the flat and sharp interfaces between
6layers to realizing a low-threshold room-temperature ultraviolet nanolasers.
Figures 1 (a) and (b) show the 5 × 5 μm2 bird-view atomic force microscope (AFM)
images of the SC-Al and PC-Al films in air, respectively. The root-mean-square roughness of
SC-Al is 0.44 nm, which is 5.2-fold smaller than 2.29 nm of PC-Al. It is clear that there are
several spikes in the image of PC-Al film, which could induce serious scattering loss of
fabricated nanolasers after insulator layer deposition. Figure 1 (c) shows the measured
reflectivity spectra of the SC-Al and PC-Al films. In comparison to the PC-Al film, the SC-
Al has the higher reflectivity in ultraviolet to near-infrared wavelength region. In particular,
for the spectral window below 400 nm, the reflectance of the SC-Al film is obviously larger
than that of the PC-Al one, probably due to the ultra-smooth surface morphology of SC-Al
film reducing the absorption and random scattering caused by rough surface and grain
boundaries [24]. Figure 1 (d) shows the high-resolution transmission electron microscope
(HRTEM) image taken from the SC-Al film after the deposition of Al2O3 layer by ALD
method. The upper layer is the Al2O3 spacer layer and the bottom one is the SC-Al film with a
clear and sharp interface in between. The nearly perfect, atomic-like periodic array in the Al
film reveals that the Al film is of highly quality and indeed single-crystalline. The inset to
Figure 1 (d) shows the electron diffraction pattern in Al region. The clear hexagonal
diffraction pattern without any observable side points indicates the faced-cubic-center (FCC)
crystal structure of Al. In order to identify the crystal orientation of the Al films relative to the
GaAs substrate, we performed X-ray diffraction (XRD) measurements on both Al films.
Figure 2 (a) shows the low-incident-angle 2θ scanning XRD on the PC-Al film. As expected,
multiple diffraction peaks at 38.5°, 44.7° and 78.2° respectively corresponding to Al (111),
(200), and (311) surfaces are observed. On the other hand, we could not observe any Al peak
from the SC-Al film. A longer thought would understand that it is not unusual to see no peak
at all for a single-crystalline thin film because the lattice planes of Al may not be parallel to
those of GaAs substrate. As reported previously [22], owing to the very close diffraction peaks
7between GaAs (100) and Al (110) surfaces, the later one could be buried in the strong signal
of the former one. To avoid the interference from the GaAs substrate, we looked for the other
lattice plane Al (111) that has no radial symmetry and carried out -dependent scanning using
the experimental setup shown in Figure 2 (b). Because the included angle between Al (111)
and (100) plane is 34.5˚, we setχas 34.5˚ and 2θ as 38.5˚ for -scan. Figure 2 (c) shows the
-dependent measurement result of the PC-Al film. As expected, no clear -dependence of
counts is spotted due to its random crystal orientations. In contrast, Figure 2 (d) shows a clear
and -dependent XRD peak of Al (111) of the SC-Al specimen. Note that the peak count of
SC-Al is more than two-order larger than that of PC-Al, confirming that the SC-Al film is
indeed single-crystalline and of high quality.
We expect that the performance of plasmonic devices in ultraviolet regime, such as ZnO-
based MOS nanolasers, will be significantly enhanced by the superior quality of our SC-Al
film. To demonstrate the surface roughness and metal crystallization are both crucial for
plasmonic nanolasers, as the Figure 3 (a) shows, we put ZnO nanowires on both SC-Al and
PC-Al films with a 5-nm-thick ultra-smooth Al2O3 dielectric spacer layer grown by ALD
(supporting information). In comparison to PC-Al film, the SC-Al film could provide an ultra-
smooth template for growing an ultra-flat Al2O3 spacer layer, which can provide proper
optical confinement and prevent generated excitons in ZnO nanowires from fast quenching on
the metal surface so the efficient exciton-SP energy transfer could sustain [7]. The scanning
electron microscope (SEM) image of a finished ZnO nanolaser is shown in Figure 3 (b). The
ZnO nanowire length and the hexagonal side length are about 1μm and 30 nm, respectively.
Figure 3 (c) shows the HRTEM image of a ZnO nanowire taken from the [2110] direction.
The lattice fringe spacing in the HRTEM image is 0.52 nm, which corresponds to the lattice
constant of the hexagonal wurtzite structure of ZnO and indicates that the nanowires grow
along the [0001] direction. 
8Figure 4 illustrates the optical measurements on two typical nanolasers on SC-Al and PC-
Al films at 77 K. Figure 4 (a) shows the emission intensity and the linewidth versus pumping
energy density for a 1-μm-long, single ZnO nanowire on Al2O3/SC-Al. It is clearly seen that,
in the log-log plot of pumping energy density and emission intensity, a nonlinear S-shaped
dependence appears and, in the transition region from ~0.2 –0.4 mJ cm-2, a dramatic
reduction of emission linewidths (from ~ 8 to ~0.2 nm) occurs. This is a clear evidence of
nanolaser lasing with an ultra-low threshold energy density of 0.28 mJ cm-2. Figure 4 (b)
shows the corresponding pumping energy density-dependent emission spectra. Below the
lasing threshold, we can see the weak and broad emission spectra around 370 nm. When the
pumping energy density increases to 0.38 mJ cm-2, a very narrow lasing peak at 371 nm is
obtained. For comparison, the nanolasers on PC-Al film was measured at 77 K and a typical
result from a 1.46-μm-long ZnO nanowire is shown in Figures 4 (c) and (d). Similarly, we
can see a nonlinear S-shaped response behavior and linewidth narrowing down to 0.3 nm with
a much larger threshold energy density of 10.19 mJ cm-2, which is 36-fold larger than that on
SC-Al. Figure 4 (d) shows the measured pumping energy density -dependent emission
spectra. Below the lasing threshold, a broad spontaneous emission spectrum of the ZnO
nanowire was obtained. Due to the high injection condition above threshold, that lasing peak
at 372 nm is accompanied with a broad emission even at the pumping energy density of 12.73
mJ cm-2. Our result reveals that the crystal quality of underneath metal film is indeed crucial
for the device performance of the ZnO nanolasers as the metallic loss is minimized. Therefore,
the SC-Al film could reduce the threshold condition to benefit the nanolaser operation.
To emphasize the importance of the metal and spacer layers, we further present the
threshold and yield of more ZnO nanolasers on four kinds of templates: Al2O3 layer by ALD
on PC-Al and on SC-Al films, and SiO2 layer by e-gun evaporation on PC-Al and on SC-Al.
The insulating spacer layers are all 5-nm thick and the preparation details can be found in the
Supporting information. Characterized by AFM, the SiO2 spacer layer deposited by e-gun
9evaporator has much rougher surface than the Al2O3 grown by ALD. Totally, about fifty
nanolasers selected from the fabricated four chips were measured at 77 K to record the device
yield and threshold pumping energy density. Figure 5 (a) shows numbers of measured (blue
color bars) and lasing (red color bars) nanolasers. Not surprisingly, the best yield of 87% is
obtained with the nanolasers on the SC-Al/Al2O3 template. The worst case is the devices on
the PC-Al/SiO2 template. Only one out of twelve devices is working. The second best
template is SC-Al/SiO2 indicating the key role of the metal film in plasmonic devices. Figure
5 (b) shows the corresponding threshold pumping energy density of all lasing devices at 77 K.
The only one lasing nanolaser on the SiO2/PC-Al templat has a very high threshold of 54.5
mJ/cm2 (black circle). The threshold pumping densities of nanolasers on SC-Al/SiO2 (red
triangles) and PC-Al/Al2O3 (green diamond) templates are quite close to each other and in the
range of 10 to 30 mJ cm-2. The nanolasers on the SC-Al/ Al2O3 template have in general the
lowest threshold pumping densities (blue star) ranging from ~0.28 to ~2 mJ cm-2. Comparing
with the nanolasers on other templates, the threshold pumping energy density is in general one
to two orders lower. This experimental result unambiguously evidence the superior quality of
our SC-Al/Al2O3 template prepared by MBE and ALD.
With the best template, our ZnO nanolasers can operate at even room temperature. Figure
6 (a) shows the measured lasing spectra of one nanolaser on SC-Al/ Al2O3 template from 77–
300 K. With increasing temperature, the lasing behavior sustains up to 300 K and lasing
wavelength red shifts from 371 to 381 nm. It is worth noting that the threshold pumping
energy density increases from 0.28 mJ cm-2 at 77 K to 0.84 mJ cm-2 at 273 K corresponding to
a quite large characteristic temperature (T0) of about 178 K. The large T0 could mainly arise
from the high-quality template with low metallic losses. Due to the high Fermi temperature of
metal, the nanolaser threshold increases with temperature probably due to the extra loss
contributed from the electron-phonon scattering loss in metal and ZnO nanowires. Figure 6
(b) shows the emission intensity and linewidth versus pumping energy density of the 1-μm-
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long nanowire lying on SC-Al/Al2O3 template measured at 300 K. Clear lasing features, such
as S-shaped response curve with threshold pumping energy density of 6.1mJ cm-2 and
dramatic linewidth reduction down to 0.3 nm, remain. The inset of Figure 6 (b) shows that
the emission polarization is highly polarized along the direction parallel to the nanowire axis
with a degree of polarization of 75%, which indicates that the longitudinal lasing modes is
still the fundamental SP mode.
In conclusion, we have presented a high-performance plasmonic nanolaser in the
ultraviolet regime. The interfacial roughness and, in particular, metal film quality play a key
role in the ZnO nanolasers. By using molecular beam epitaxy to grow a high-quality single-
crystalline Al film, followed by ultra-smooth Al2O3 layer prepared by atomic layer deposition
and ZnO nanowire placement, we have realized an ultraviolet plasmonic nanolaser with a
very low threshold pumping energy density and a high characteristic temperature. The
nanolasers operated at room temperature shows clear features of lasing action. Our work
reveals the importance of metal film quality and interface control for the plasmonic devices
and paves the way for further applications using ultraviolet nanolasers.
Methods:
Sample preparation
The ultraviolet plasmonic nanolasers were made by placing the ZnO nanowires on a
100 nm-thick Al film with a 5 nm-thick insulating spacer layer forming a metal-oxide-
semiconductor (MOS) structure. For comparison, a single-crystalline Al (SC-Al) grown by
MBE and a poly-crystalline Al (PC-Al) film deposited by e-gun evaporation were prepared as
the initial templates. The growth details of both Al films can be found in the Supporting
information. The Al2O3 and SiO2 insulating spacer layers grown by ALD and e-gun
evaporator, respectively.
11
Optical experiment set-up
For optical measurements, the nanolasers were placed in a cryogenic vacuum chamber,
which can be cooled down from 300K to 77 K by liquid nitrogen. We used a charge-coupled
device (CCD) camera to find those specific regions with single ZnO nanowires. An Nd:YVO4
355-nm pulsed laser with a pulse duration of 0.5-ns pulse duration and a repetition rate of 1
kHz serves as the pumping light source. The normally incident circular-polarized pumping
beam was focused to a 15-μm diameter spot by means of a 100×, near-ultraviolet, infinity-
corrected objective lens with a numerical aperture of 0.55. The emitted light from ZnO
nanowires was collected by the same objective lens, coupled to a 600-μm core ultraviolet
optical fiber, and then feed into a 320-mm single monochromator equipped with a liquid-
nitrogen-cooled CCD to resolve the emission spectra with a spectral resolution of 0.2 nm. A
rotating polarizer was placed in front of the fiber for measurement of the degree of
polarization, defined by (Imax-Imin)/(Imax+Imin) where Imax and Imin are the maximum and the
minimum intensity of the lasing peak, respectively. 
Simulations:
The 2-D device simulations were performed by COMSOL RF module, we used the
eigenvalue solver of the finite-element-method (FEM) to find eigenmodes of the ZnO
nanowire lying on the dielectric/metal substrate. The computation domains were enclosed by
perfectly matched layers (PMLs) to absorb the scattered power with minimum reflection. For
simulation, the refractive index of ZnO, Al2O3 and SiO2 are 2.54, 1.79 and 1.47, respectively.
The simulation details and aluminum refractive index extracted from measured reflectivity
spectra are provided in supporting information.
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Figure 1. 5 × 5 μm2 bird-view atomic force microscope images of the single- and poly-
crystalline Al films in (a) and (b), respectively. (c) Reflectivity spectra of both Al films. (d)
Cross-sectional transmission electron microscopy images of Al2O3 layer on single-crystalline
Al film. Inset in (d): electron diffraction pattern from the Al region.
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Figure 2. (a) Low-incident-angle 2θ-scanning of poly-crystalline Al film. (b) XRD setup for -dependent measurement of Al-(111) plane (c) Measured  -dependent scanning of poly-
crystalline Al film. (d) Measured -dependent scanning of single-crystalline Al film.
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Figure 3. (a) Schematics of a ZnO nanowire lying on the top of single- and poly-crystalline
Al films with a dielectric spacer layer. (b) Scanning electron microscope image of a ZnO
plasmonic nanolaser. The ZnO nanowire length and the hexagonal side length are 1 μm and 
30 nm, respectively. (c) High-resolution transmission electron microscopy image of a ZnO
nanowire taken from [2110]direction.
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Figure. 4. Emission intensity and linewidth as a function of pumping energy density in (a) for
a nanolaser on SC-Al/Al2O3 template and the corresponding emission spectra in (b).
Emission intensity and linewidth as a function of pumping energy density in (c) for a
nanolaser on PC-Al/Al2O3 template and the corresponding emission spectra in (d). All data
were measured at 77 K.
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Figure. 5. (a) Numbers of measured and lasing nanowires for the four kinds of specimens. (b)
Threshold pumping energy density as a function of nanowire length for the four kinds of
specimens. All data were measured at 77 K.
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Figure. 6. (a) Temperature-dependent lasing spectra of a nanolaser on SC-Al/Al2O3 template
from 77 K to 300 K. (b) Emission intensity and linewidth versus pumping energy density of
the nanolaser at 300 K. Inset on (b): corresponding lasing polarization plot.
 
 
 
